Similar to carbon, boron nitride commonly exists in hexagonal (*h*-BN) and cubic forms (c-BN), where the former features the *sp*^2^ and the latter adopts the *sp*^3^ hybridization configuration. *h*-BN features a layered structure where the B and N atoms form hexagonal honeycombs within a layer and the layers are held together via van der Waals forces, with N atoms on top of B atoms and vice versa to construct the *h*-BN lattice. *h*-BN and its carbon counterpart, graphite, have very similar bond lengths and interlayer distances. Atomic layered *h*-BN, i.e., nanosheets (*h*-BNNS), is also called 'white graphene\', since it is white with a large direct band gap of 5.0 to 6.0 eV[@b1][@b2][@b3][@b4], in contrast to graphene\'s zero band gap that results in a black color. *h*-BNNS has shown some exceptional properties that lend themselves to applications different from those of graphene. For instance, *h*-BNNS is oxidation resistant up to 1000°C in air[@b5], while graphene deteriorates around 600°C[@b6]. *h*-BNNS is highly resistant to wet chemical attack and is difficult to functionalize[@b7], while graphene readily turns into graphene oxide in a mixed sulfuric acid, sodium nitrate, and potassium permanganate solution[@b8]. Owing to its ultra-flat surface, absence of dangling bonds, and iso-structure with graphene, *h*-BNNS has been reported to be a better substrate than silicon with respect to charge transport through graphene, thereby opening up a large potential for application in future graphene-based devices[@b9]. *h*-BNNS has been utilized as a dielectric layer for the fabrication of graphene-based field-effect transistors[@b10][@b11][@b12] and explored as a tunneling barrier within graphene layers[@b13]. For these applications, high quality *h*-BNNS that is large in size, uniform in thickness, and free of defects, is highly critical. The synthesis of such high quality *h*-BNNS, however, remains challenging.

Various techniques have been explored to synthesize *h*-BNNS, including mechanical cleavage[@b14], liquid phase exfoliation[@b15], unwrapping BN nanotubes[@b16], substitution reaction[@b17], radio frequency magnetron sputtering[@b18], electron beam irradiation[@b19], and chemical vapor deposition (CVD)[@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28]. Among these, the CVD method has been established as a popular route to synthesize large nanosheets. Mono-layer *h*-BNNS was produced as early as 1995 using an ultra-high vacuum (UHV) CVD system[@b20]. Recently, simple atmospheric pressure CVD (APCVD)[@b21][@b22][@b23][@b24] and low pressure CVD (LPCVD)[@b25][@b26][@b27] systems have been developed to grow large *h*-BNNS. Polycrystalline copper and nickel foils have been routinely used as substrates/catalysts in CVD systems because of their wide availability, low cost, and ease of etching to facilitate the transfer of *h*-BNNS onto different substrates. As far as conventional polycrystalline foils are concerned, however, the CVD method is not free from limitations. Poor controllability over the *h*-BNNS thickness is one of the primary drawbacks[@b19][@b25]. In the CVD method, nucleation of *h*-BN has been observed along the crystallographic defects of the polycrystalline catalyst surface, which consequently reduces the quality of the final product[@b24][@b26]. Single crystal foil can be an option to remove the grain boundary induced nucleation sites[@b20][@b29][@b30]; however, the high cost and small size of single crystal foils limit their use. It has been demonstrated that improving the surface smoothness by employing techniques such as electro-polishing is conducive to the formation of large domains of *h*-BNNS[@b24]. Melting can lead to an ultra-flat liquid surface that is free of grain boundaries and crystallographic defects, and has been found to facilitate the growth of large uniform graphene single crystal[@b31][@b32]. In this paper, we report melted-copper facilitated APCVD growth of large and few-layer *h*-BNNS. For comparison, the growth was also carried out on solid copper foil at 1000°C under similar conditions. The *h*-BNNS samples were characterized using X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM), Raman spectroscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM).

Results
=======

*h*-BNNS was grown on solid and melted copper substrates in a split type tube furnace (see details in the Methods section and [Supplementary Information](#s1){ref-type="supplementary-material"}). For simplicity, *h*-BNNS grown on solid and melted copper substrates are denoted hereafter as S-*h*-BNNS and M-*h*-BNNS, respectively. To determine the crystallinity, size, and thickness of the nanosheets, both S-*h*-BNNS and M-*h*-BNNS were transferred to 285 nm SiO~2~ coated Si wafers and holey carbon TEM grids (see details in the Methods section).

Clear optical contrast was observed between S-*h*-BNNS and M-*h*-BNNS on the SiO~2~/Si wafers. The clear blue region in [Fig. 1a](#f1){ref-type="fig"} and the nearly transparent area indicated by the dotted line in [Fig. 1b](#f1){ref-type="fig"} represent thick and thin *h*-BNNS grown on the solid and melted copper substrates, respectively[@b33]. The thickness of *h*-BNNS on SiO~2~/Si wafer was measured by AFM ([Figs. 1c and d](#f1){ref-type="fig"}). A thickness of 4.2 nm was observed for the S-*h*-BNNS, indicating \~12 layer stacking. In contrast, M-*h*-BNNS is only 1.0 nm thick, corresponding to 1--3 atomic layers. It should be noted that underlying trapped water or contamination between the *h*-BNNS and the SiO~2~ substrate can often increase the thickness under AFM, and therefore, 1 nm corresponds to the height of a mono-layer of *h*-BN[@b33][@b34]. The AFM thickness analysis results were further corroborated by high resolution (HR) TEM studies, which will be discussed later.

XPS was employed to assess the stoichiometry and nature of the bonding between B and N atoms ([Figs. 1e, f](#f1){ref-type="fig"} and [Fig. S1 in Supplementary Information](#s1){ref-type="supplementary-material"}\]. For both samples, the B 1s and N 1s peaks are situated at 189.8--190.9 eV and 397.1--398.7 eV, respectively, which match the published results[@b21][@b24][@b25][@b27]. The B/N atomic ratio was estimated based upon the integrated peak areas and the peak sensitivity factors. The B/N atomic ratio is found to be within the 1:1.04--1:1.12 range, close to the 1:1 stoichiometric ratio for *sp*^2^ bonded *h*-BN.

Raman spectra of *h*-BNNS were obtained on a Renishaw InVia Raman spectrophotometer using a 514.5 nm Ar^+^ laser source. [Figure 1g](#f1){ref-type="fig"} shows the typical B-N stretching vibration mode (E~2g~) of *h*-BN on a SiO~2~/Si substrate[@b33][@b35]. The lower intensity of the E~2g~ peak of M-*h*-BNNS reflects its stacking of fewer atomic layers in comparison to S-*h*-BNNS[@b21][@b23][@b33][@b35]. A peak shift of 3 cm^−1^ is also observed for M-*h*-BNNS. In general, shifting in E~2g~ can occur under different strain conditions within the layers: a compressive strain results in a blue shift and a tensile strain in a red shift[@b21][@b25][@b33]. For mono-layer *h*-BNNS, several reasons have been proposed for the large blue shift, including hardening of the E~2g~ phonon due to the shorter B-N bonds in the mono-layer[@b33], intrinsic wrinkles due to the substrate surface[@b21], doping effects[@b33][@b36], and lack of interaction between neighboring layers[@b33]. The blue shift in the M-*h*-BNNS in our case is likely to be associated with compressive strain and wrinkle formation. Thermal expansion mismatch between the *h*-BNNS and the copper occurs during cooling, where copper contracts and *h*-BNNS expands, giving rise to a compressive strain on the sheets[@b37]. For the S*-h-*BNNS, the shift in E~2g~ is negligible. It is reasonable to assume that less compressive strain exists in S*-h-*BNNS, since the thermal contraction of the solid copper substrate is much less than that of the melted copper. In addition, thick S-*h*-BNNS is less susceptible to the formation of wrinkles.

[Figure 1h](#f1){ref-type="fig"} shows a high angle annular dark field scanning TEM (HAADF-STEM) image of a bi-layer of *h*-BNNS obtained at 80 kV. The fast Fourier transform (FFT) obtained from the whole image shows one group of distinct hexagonal symmetric spots, which indicates a highly periodic *h*-BN structure with no differences in rotational orientation between the layers. The darker and brighter regions in [Fig. 1h](#f1){ref-type="fig"} have been identified as mono- and bi-layer *h*-BNNS, respectively[@b5]. The mono-layer region was created by removing the B and N atoms of the top layer with an electron beam (see details in [Supplementary Information Fig. S2](#s1){ref-type="supplementary-material"}). The FFT filtered B mono-vacancy image (inset enclosed by the red square in [Fig. 1h](#f1){ref-type="fig"}) clearly indicates a missing B atom. The brighter spots are identified as N atoms, due to their slightly higher atomic number than B atoms, causing Z-contrast intensity variation in the HAADF images[@b38]. This has also enabled direct observation of B and N atoms in a hexagonal network in a FFT filtered HAADF-STEM image ([Fig. 1i](#f1){ref-type="fig"}) (see the raw HAADF-STEM image in [Supplementary Information Fig. S3](#s1){ref-type="supplementary-material"}). The line profile along the trace in [Fig. 1i](#f1){ref-type="fig"} confirms that the *sp*^2^ bonded B and N form a hexagonal honeycomb structure in the mono-layer *h*-BN, while the presence of other elements would have been identified from the relative intensity difference[@b38].

Electron energy loss spectroscopy (EELS) was conducted to investigate the elemental composition and nature of the bonding in the *h*-BNNS. The EELS spectrum ([Fig. 1k](#f1){ref-type="fig"}) confirms the presence of characteristic B K edge and N K edge peaks of *h*-BN, starting at 195 eV and 406 eV, respectively[@b21][@b39]. The atomic ratio of B/N derived from the EELS spectrum is 1:1.16, close to the number based upon the XPS results. It should be noted that this ratio can have an error of up to 12.2% due to uncertainty in the baseline determination[@b39]. The presence of 1s− → π\* and 1s → σ\* anti-bonding orbitals next to B K and N K shell ionization edges confirms the formation of *sp*^2^ bonded *h*-BN[@b10][@b21][@b35][@b39]. The small C K edge near 289 eV is from the residual poly(methyl methacrylate) (PMMA) on *h*-BNNS[@b10][@b21].

An aberration corrected STEM study was conducted to confirm the formation of large single crystalline *h*-BNNS growth on the melted copper. [Figure 2a](#f2){ref-type="fig"} shows a low magnification HAADF-STEM image of the M-*h*-BNNS. Selected area electron diffraction (SAED) patterns were acquired from the specified regions circled in red in [Fig. 2a](#f2){ref-type="fig"}. One set of discrete six-fold symmetry patterns was obtained, with less than 1° rotational orientation difference between the patterns, suggesting \~4 μm^2^ single crystalline *h*-BNNS in that region. The dark areas in the image are voids, where the nanosheet was broken during the transfer process. A scrolled up nanosheet edge is identified in (a) by the green arrow. Some of the sheets were folded, which facilitates the quantification of the *h*-BNNS layers in the bright field (BF) STEM imaging mode. [Figure 2b and c](#f2){ref-type="fig"} show the edges of mono- and bi-layer *h*-BNNS, respectively. A statistical distribution of the *h*-BNNS layers from the analysis of 40 STEM images from different regions is shown in [Fig. 2d](#f2){ref-type="fig"}. Around 90% of the *h*-BNNS are found to be mono- and bi-layer on melted copper substrate.

For S-*h*-BNNS, 1--10 layers were observed within a micron-sized sheet, which indicates largely inhomogeneous *h*-BNNS growth on the solid copper substrate ([Fig. 3](#f3){ref-type="fig"} and [Supplementary information Fig. S5](#s1){ref-type="supplementary-material"}). The SAED patterns show several sets of hexagonal patterns, indicating the polycrystalline nature of the sheets within the SAED zone (800 nm^2^)[@b40][@b41].

Discussion
==========

There are several factors proposed as responsible for the observed differences in *h*-BNNS morphology and crystallinity when the nanosheets are grown on the solid and melted copper. One key factor in growing large single crystalline *h*-BNNS is reducing the number of nucleation sites at the beginning of growth[@b24], which has also been found to be critical for the CVD synthesis of large crystalline graphene[@b42][@b43]. Due to the high interfacial energy along the defects (grain boundaries, rough edges, defect lines, impurities) on the solid copper surface, the activation energy of *h*-BN nucleation is lower at those sites than within the smooth regions. This phenomenon can be clearly observed when the growth is carried out using a limited amount of ammonia borane. Triangular *h*-BN domains are seen to grow preferentially along the manufacturing-induced parallel defect lines and grain boundaries on the solid copper surface ([Figs. 4a, b](#f4){ref-type="fig"} and [Supplementary Information Fig. S6](#s1){ref-type="supplementary-material"}). At the nucleation center of each triangular domain, minute triangular *h*-BN adlayers are clearly noticeable (inset in [Fig. 4a](#f4){ref-type="fig"}) (Numbers of layers are identifiable based upon the contrast in the SEM images[@b44].) *h*-BN adlayers are also observed along the merging areas (inset in [Fig. 4c](#f4){ref-type="fig"}). Adlayers have been observed during the CVD synthesis of graphene[@b45]. It has been proposed that carbon atoms diffuse between the copper and the existing monolayer, reach the center, and then form the secondary adlayers. This is unlikely the case for *h*-BNNS, however, since the diffusion of the BN monomers would encounter much resistance due to their size. The formation of adlayers is associated with the defects, both at the center and at grain boundaries, of existing h-BN monolayer. The nucleation sites associated with substrate defects would cause strain in the existing monolayer, particularly prominent at the center, which favors further nucleation on top of the existing layer, thus leading to multiple *h*-BNNS on a solid copper surface. When more ammonia borane (10--20 mg) is used, these triangular domains grow in the lateral direction and join up with the neighboring ones ([Fig. 4c](#f4){ref-type="fig"}). Along the joining lines, secondary *h*-BN nucleation is observed. Further increasing the amount of ammonia borane (i.e., 100 mg) results in complete coverage of the copper surface, but with various small triangular *h*-BN islands on the top ([Fig. 4d](#f4){ref-type="fig"}).

The coalescence of these domains occurs by the edge attachment of new diffused *h*-BN monomers. The diffusion rate of these monomers is limited on the solid copper surface at 1000°C in comparison to 1100°C for melted copper. The movement of these monomers is also inhibited by the defect lines on the surface. As a result, the crystal size (based on SAED, more in [Supplementary Information Fig. S5](#s1){ref-type="supplementary-material"}) of the *h*-BNNS on solid copper is found to be much smaller than that on the melted surface. Due to the effective catalyst contact, the *h*-BN growth rate of the first layer exceeds that of the adlayers. The island shaped domains grow in the lateral direction in the presence of sufficient borazine and ultimately join up with the neighboring domains. This leads to a large *h*-BNNS with a large number of adlayers attached to the sheet. Accordingly, S-*h*-BNNS growth follows the Volmer-Weber island model[@b46].

Melting the copper eliminates grain boundaries and other high energy defects, which then effectively reduces the number of nucleation sites. The *h*-BN nucleation starts with the supersaturation of the borazine molecules[@b47] over random locations on the melted surface. The initial *h*-BN domains are mono-layer in nature, with no observable adlayers on top ([Fig. 4e](#f4){ref-type="fig"}). After the initial *h*-BN nucleation, the smooth defect-free melted copper surface provides a lower kinetic energy barrier and longer diffusion distance for the *h*-BN monomers to travel, adjust, and attach themselves to the existing nuclei in an oriented way. Such a growth process can therefore lead to the formation of large single crystalline *h*-BNNS. Increasing the amount of ammonia borane (100 mg) causes the single layers to join together, and finally, a large continous and wrinkled nanosheet is obtained ([Fig. 4f](#f4){ref-type="fig"}). The presence of up to 3 layers (\<10%) of *h*-BNNS on the melted copper suggests that the growth is not surface-limited. The growth pattern can be described using the Stranski-Krastanov model[@b46].

We analyzed the surfaces of as-received, HNO~3~ acid etched, 1000°C annealed, and 1100°C treated (melted) samples. Defect lines developed during the manufacturing process and HNO~3~ acid treatment are clearly visible from the optical images ([Figs. 5a and b](#f5){ref-type="fig"}). After annealing at 1000°C, grain boundaries are more noticeable, while the intrinsic defect lines are less identifiable ([Fig. 5c](#f5){ref-type="fig"}). A very smooth surface with almost no defects is observed for the melted copper ([Fig. 5d](#f5){ref-type="fig"}). Root-mean-square (RMS) roughness values of the as-received copper range from 112 to 258 nm in five 10 × 10 μm^2^ sized areas. After the HNO~3~ acid etching treatment, the roughness value decreases slightly to 90--194 nm. Surface copper oxides (Raman peaks at 526 cm^−1^ and 617 cm^−1^ assigned to Cu~2~O[@b48][@b49][@b50]) in the as-received copper can be largely eliminated by the HNO~3~ acid etching treatment ([Fig. 5e](#f5){ref-type="fig"}). Annealing the HNO~3~ acid treated copper foil at 1000°C under H~2~/Ar flow effectively lowered the roughness value to 7.023--10.21 nm, with a further improvement to 4.681--4.761 nm for the melted copper. Raman analysis of the surfaces of the annealed solid and melted copper found no trace of copper oxide ([Fig. 5e](#f5){ref-type="fig"}).

An interesting phenomenon was observed when the *h*-BNNS growth was carried out on solid copper at 1050°C. At this temperature, initial *h*-BN domain formation is not found to occur preferentially on the original copper grain boundaries ([Fig. 6](#f6){ref-type="fig"}). Furthermore, no adlayers on the initial domains (as at 1000°C) were observed under SEM. With more ammonia borane (50 mg), multilayered nanosheets with small *h*-BN adlayers on the top are observed. We believe that the copper surface undergoes a significant recrystallization process as the temperature approaches the melting point (1083°C), resulting in a smoother surface and larger grains. At this temperature, the diffusion kinetic energy of *h*-BN monomers is expected to be higher than that at 1000°C, which is conducive to the formation of large *h*-BN domains. The insensitivity to high energy grain boundaries of the initial *h*-BN nucleation is not fully understood, however. Detailed theoretical and experimental investigations are required for this, which is beyond the scope of this study.

In conclusion, we have shown that several micron-sized single crystalline and mostly mono- and bi-layer *h*-BNNS can be grown on melted copper substrate, in contrast to largely inhomogeneous, 1--10 layer thick, nanocrystalline *h*-BNNS on the solid copper substrate. Possible *h*-BNNS growth processes on both solid and melted copper surfaces have been discussed. The smooth and nearly defect-free surface of the melted copper is believed to play the key role in the growth of high quality *h*-BNNS. This advantage is likely to work well with different precursors, such as a simultaneous flow of diborane and ammonia, to grow large *h*-BNNS on melted copper.

Methods
=======

Synthesis of *h*-BNNS on copper substrate
-----------------------------------------

[Figure 7](#f7){ref-type="fig"} shows a schematic illustration of an APCVD system used for the growth of *h*-BNNS. A piece of copper foil (0.25 mm thick, 99.98% purity) was pretreated in 10% HNO~3~ solution and blow dried in N~2~ steam before being transferred into a quartz tube. Prior to heating, the whole system was evacuated and backfilled three times with a 10% H~2~/Ar (volume percentage) gas mixture to remove air and moisture from the system. An annealing treatment was then carried out at 1000°C and 1100°C for the solid and melted copper substrates, respectively, for 40 min under 500 sccm 10% H~2~/Ar gas mixture flow to remove residual surface oxides and contamination. After the initial annealing period, growth of *h*-BNNS was continued for one hour by flowing the gaseous thermal decomposition products of ammonia borane at 110°C over the copper substrate (see details in [Supplementary Information](#s1){ref-type="supplementary-material"}). A flow rate of 100 sccm of 10% H~2~/Ar carrier gas was used for this purpose. Under high carrier gas flow rates, for example, 200 sccm, *h*-BN nucleation was low, and highly discontinuous and inhomogeneous *h*-BNNS was observed (see [Supplementary Information Fig. S7](#s1){ref-type="supplementary-material"}). Tungsten foil was used to support the melted copper, since it facilitates sufficient wetting of the melted surface. At the end of the growth, the furnace was quickly cooled down to room temperature by lifting the top cover of the furnace. Initially, 100 mg of ammonia borane was used to compare the *h*-BNNS morphology, thickness, and crystallinity on both substrates. Growth processes of *h*-BNNS on those two substrates were then studied by varying the amounts of ammonia borane.

Transferring *h*-BNNS to different substrates
---------------------------------------------

*h*-BNNS was transferred to 285 nm SiO~2~/Si wafers and holey carbon TEM grids using a PMMA aided transfer process[@b51]. 3% PMMA in chlorobenzene solution was spin coated at 4000 rpm for 30 seconds on top of the *h*-BNNS grown on the copper surface. The samples were then dried for one hour before being left in a 0.05 M ammonium persulfate etching solution overnight. The clean PMMA-coated *h*-BNNS was fished out on a 285 nm SiO~2~/Si wafer. The PMMA layer was removed using hot acetone and subsequent heat treatment at 350°C for two hours in 500 sccm Ar/H~2~ flow. The adhesion of the *h*-BNNS to the substrate was strengthened by heating at 180°C for a few minutes.

Characterization
----------------

Optical microscope images were collected using a Leica DM6000 microscope. The surface roughness of the as-received and treated copper foils, together with the thickness of the *h*-BNNS, was acquired using an Asylum AFM MFP-3D in the tapping mode. X-ray photoelectron spectra (XPS) were collected using a PHOIBOS 100 hemispherical analyzer. The X-ray excitation wavelength was provided by Al Kα radiation with photon energy of 1486.6 eV. The XPS data were analyzed using CasaXPS software. The Shirley background function was used for B 1s and N 1s peak background correction. A 70% Gaussian and 30% Lorentzian combined function was used for peak-fitting analysis. Raman spectra were acquired directly on the copper foil substrates using a Horiba Raman JY HR 800 spectrometer. A 632.81 nm laser with a He-Ne source was used for the characterization. Raman spectra of *h*-BNNS on silicon wafers were obtained via a Renishaw inVia Raman spectrometer using a 514.0 nm Ar^+^ laser. Samples transferred to holey carbon TEM grids were examined in a probe-corrected JEOL ARM200F equipped with a cold field emission gun operated at an acceleration voltage of 80 kV. HAADF images were acquired with inner and outer collection angles of 50 to 180 mrad, respectively, ensuring Z contrast, while BF images were acquired with a maximum collection angle of 17 mrad. All images were acquired with a 20 μs dwell time and convergence angle of 25 mrad, corresponding to a probe size of \~1 A and a current of 40 pA. Images were filtered by masking all visible reflections in the FFT as well as the central spot. {1120} reflections were clearly observed in the FFT, which represents a minimum resolution of 0.145 nm. EELS was performed using a GIF Quantum equipped in the same microscope. Field emission SEM images of *h*-BNNS on solid copper substrate were obtained using a scanning electron microscope (JEOL JSM-7500FA).
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![Characterization of S-h-BNNS and M-h-BNNS.\
(a), (b) Optical images; (c), (d) AFM height images with corresponding thickness profiles on SiO2/Si wafer for the S-h-BNNS and M-h-BNNS samples, respectively. (e), (f) Representative B 1s and N 1s core level peaks in XPS spectra. (g) Comparative Raman spectra of h-BNNS grown on solid and melted copper substrates and then transferred to SiO2/Si substrate. (h) HAADF-STEM image of a bi-layer h-BNNS. The dark triangular region is mono-layer h-BN, which was exposed after electron beam radiation removed the top layer. The FFT pattern in the top inset shows a distinct six-fold hexagonal pattern, characteristic of h-BN. The inset in the red square shows a FFT filtered B mono-vacancy zone. (i) FFT filtered HAADF-STEM image of a defect-free h-BN mono-layer region. (j) Line profile along the trace in (i). (k) EELS spectrum acquired from the circled region in the inset image, showing the K shell ionization edges of B and N, which confirms the sp2 bonded h-BN formation. The C peak possibly comes from the PMMA residues after the transfer.](srep07743-f1){#f1}

![HAADF-STEM characterization of M-h-BNNS.\
(a) Low magnification HAADF-STEM image of M-h-BNNS. SAED patterns (bottom) were obtained from the four circled areas. The distinctive set of hexagonal spots in the SAED patterns indicates the single crystalline nature of the nanosheet within that region. The difference in rotational orientation in the four SAED patterns is less than 1°. BF-STEM images of (b) mono- and (c) bi-layer h-BNNS. (d) Statistical distribution of h-BNNS atomic layers based upon 40 BF-STEM images.](srep07743-f2){#f2}

![BF-STEM images of S-h-BNNS.\
(a) 3-layer, (b) 7-layer, and (c) 10-layer h-BNNS. A representative SAED pattern of the S-h-BNNS is shown in the inset of to (c).](srep07743-f3){#f3}

![SEM images S-h-BNNS and M-h-BNNS at different growth stage, with the insets showing corresponding images at higher magnification.\
For solid copper, (a), (b) initial h-BN triangular domains with adlayers at the nucleation centers grow preferentially along the defect lines and grain boundaries. (c), (d) more ammonia borane results in new h-BN domains, while the initial triangular domains grow in the lateral direction and coalesce with their neighbors to form a continuous sheet. For melted copper, (e), (f) initial h-BN domains grow randomly on the surface due to the absence of defect lines and grain boundaries. Increasing the amount of ammonia borane leads to a complete coverage. For the whole process, no adlayer growth is observed. The scale bars are 5 μm in the images and 1 μm in the insets.](srep07743-f4){#f4}

![Optical microscope images and Raman spectra of different copper substrates.\
(a) as-received, (b) 10% HNO3 acid etched, (c) 1000°C annealed, and (d) 1100°C melted copper substrate. Scale bar is 50 μm. The inset in each of the images shows the three-dimensional (3D) AFM height profile across a 10 × 10 μm2 area. The color bar is within the 0 to 1 μm range in all the insets. (e) Raman spectra of copper foil surfaces.](srep07743-f5){#f5}

![SEM images of h-BNNS grown at 1050°C.\
(a) No preferential nucleation sites are observed for the initial h-BN domains. (b) Large and mixed multilayered h-BNNS with small adlayers on the top are found when more ammonia borane is used. Scale bar is 5 μm.](srep07743-f6){#f6}

![Schematic illustration of an APCVD system.\
Volatile thermal decomposition products of ammonia borane were carried over the copper substrates by a 10% H2/Ar gas mixture. For the melted copper, tungsten was used as the support due to its better wettability compared to the quartz slide.](srep07743-f7){#f7}
